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ncreased presence of senescent cells in aging tissues has been hypothesized to contribute to pathophysiological changes associated with several age-related conditions. [1] [2] [3] Specifically, senescence of human trabecular meshwork (HTM) cells has been proposed to play a role in the functional alterations of this tissue in primary open angle glaucoma. 4 We have previously reported that senescence of HTM cells is associated with significant changes of several microRNAs (miRNAs) and that miRNAs might contribute to the regulation of the phenotypic alterations characteristic of senescent cells. One of the miRNAs significantly downregulated in senescent HTM cells was miR-204. 5, 6 MiR-204 has been proposed to be involved in the regulation of multiple functions in different cell types. It is expressed at relatively high levels in retinal pigment epithelium (RPE), where it has been demonstrated to be the target of TGF-beta receptor 2 (TGF␤R2) and SNAIL-2, leading to a decrease in transepithelial resistance associated with reduced expression of claudins 10, 16, and 19. 7 MiR-204 has also been found to be highly abundant in distal axons compared with the cell bodies of primary sympathetic neurons, suggesting some potential role in the maintenance of axonal structure and function as well as neuronal growth and development. 8 Expression of miR-204 is regulated by different light levels in the mouse retina, suggesting a potential role in adaptation to different levels of illumination. 9 Finally, miR-204 has been found to be downregulated in several types of tumors, 10, 11 and it has been proposed that such downregulation could contribute to tumor growth through de-repression of the validated targets HOXA10 and MEIS1 11 and some predicted targets such as the antiapoptotic protein Bcl2 12 and the member of the RAS oncogene family RAB22. 13 However, there is still little information about the genes regulated by miR-204 and the biological functions modulated by this miRNA.
To gain insight on the biological roles of miR-204 in the TM, we analyzed the changes in gene expression induced by this miRNA in HTM cells and identified 12 novel targets. Based on the genes downregulated by miR-204, we evaluated its role in the regulation of ER stress response, accumulation of oxidized proteins, and apoptosis in HTM cells.
METHODS

Cell Culture of Primary HTM Cells
Postmortem human eyes or cornea rings were obtained from the New York Eye Bank within 7 days of death in accordance with the tenets of the Declaration of Helsinki. Primary cultures of HTM cells were generated and maintained following the methods previously described.
14 All reagents were obtained from Invitrogen Corporation (Carlsbad, CA).
Transfection
Transfection of miRNAs was performed with a transfection system (Nucleofector; Amaxa Inc. Gaithersburg, MD) in accordance with the manufacturer's instructions. MiR-204 mimic (204M) or negative miRNA control mimic (ConM) (Dharmacon, Inc., Chicago, IL) (120 pmol per 5 ϫ 10 5 cells) were transfected into HTM cells using the Amaxa program T23. The culture medium was replaced with fresh Dulbecco's modified Eagle's medium (DMEM) growth medium 24 hours after transfection, and cell culture supernatant or cells were collected 72 hours after transfection. isolated and hybridized to a gene expression array (Human Genome U133 2.0 Array, including Human Genome U133 Set; Affymetrix, Santa Clara, CA) at the Duke University Microarray facility (Durham, NC). This array includes 6500 additional genes for analysis of more than 47,000 transcripts. Raw data were normalized and analyzed (GeneSpring 10; Silicon Genetics, Wilmington, DE). Genes were filtered by intensity compared with the control channel, and P Յ 0.05 of a paired Student's t-test was considered significant. The list of genes significantly downregulated was compared with three databases that predicted targets for miRNAs: Microcosm (http:// www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/v5/), TargetScan (http://www.targetscan.org), and PicTar-Vert (http://pictar.mdcberlin.de/).
Microarray and Data Analysis
Q-PCR Analysis of Gene Expression
Total RNA was isolated (RNeasy kit; Qiagen Inc., Valencia, CA). RNA yields were measured using fluorescent dye (RiboGreen; Molecular Probes, Eugene, OR). First-strand cDNA was synthesized from total RNA (1 g) by reverse transcription using oligo-dT and reverse transcriptase (Superscript II; Invitrogen Corporation) in a 20-L volume. Q-PCR was performed in a 20-L mixture that contained 1 L cDNA preparation and 1ϫ real-time PCR mix (iQ SYBR Green SuperMix; Bio-Rad, Hercules, CA), using the following PCR parameters: 95°C for 3 minutes followed by 40 cycles of 95°C for 10 seconds, 60°C for 30 seconds followed by melt curve (65°C-95°C in increments of 0.5°C for 5 seconds). Each quantification was conducted in triplicate, and the experiments were conducted in triplicate using two cell lines. The fluorescence threshold value (C t ) was calculated using real-time detection system software (iCycle; BioRad). The absence of nonspecific products was confirmed by both the analysis of the melt curves to exclude primer-dimer and by electrophoresis in gels (3% Super AcrylAgarose; Bio-Rad) to verify the correct product size. ␤-Actin was used as an internal standard of mRNA expression to normalize the individual gene expression level. The specific primer pairs used to amplify genes were shown in Table 1 .
Luciferase Reporter Assay
The 3ЈUTR fragments containing miR-204 target sites of AP1S2, Bcl2l2, BIRC2, EDEM1, EZR, FZD1, M6PR, RAB22A, RAB40B, SERP1, TCF12, and TCF4 genes were amplified by PCR from human cDNA using forward and reverse primers listed in Table 2 , which create XhoI and NotI sites, respectively, and ligate to pCR2.1 vector. The XhoI-NotI-digested products were then cloned into a vector (psiCheck2; Promega Corporation, Madison, WI) that included two luciferase reporter genes, Renilla (can be combined with 3ЈUTR insert) and firefly. The H293 cells were cotransfected in 12-well plates using reagent (Effectene, 301427; Qiagen, Germantown, MD) with 300 ng of the 3ЈUTR-luciferase report vector and 7 ng 204M or ConM (Dharmacon, Inc.). Twenty-four hours after transfection, firefly and Renilla luciferase activities were measured consecutively by using dual-luciferase assays (Promega Corporation) according to the manufacturer's protocol. Negative control vectors were generated by cloning the same 3ЈUTRs in reverse orientation of the individual gene.
Protein Extraction and Immunoblot
Cells were washed twice in cold PBS. Total protein was extracted using RIPA buffer (150 mM NaCl, 10 mM Tris, pH 7.2, 0.1% SDS, 1.0% Triton X-100, 5 mM EDTA, pH 8.0) containing 1ϫ protease inhibitor cocktail (Roche, Inc., Madison, WI). Protein concentration was determined (Micro BCA Protein Assay Kit; Pierce, Rockford, IL-). Total protein extracts (20 -40 g) were separated by 8% to 15% SDS-PAGE and were transferred to polyvinylidene difluoride (PVDF) membrane (Bio-Rad). Membranes were blocked with 5% nonfat dry milk and incubated overnight with the primary antibodies anti-BIRC2, -Bcl2l2, -EZR (Cell Signaling, Inc., Danvers, MA), -SERP1 (GeneTex Inc., Irvine, CA), or anti-M6PR (Santa Cruz Biotechnology, Santa Cruz, CA). Then they were incubated with a secondary antibody conjugated to horseradish peroxidase for 1 hour at room temperature (RT). Immunoreactive proteins were visualized using chemiluminescence substrate (ECL Plus; GE Healthcare, Pittsburgh, PA). For detection of endogenous control, the membrane was stripped with stripping buffer (25 mM glycine, pH 3.0, plus 1% SDS) and then incubated with anti-␤-tubulin (Sigma, St. Louis, MO).
Quantification of IL-8 and IL-11
HTM cells were transfected with 204M or ConM. Three days after transfection, cell culture supernatant was collected. The levels of IL-8 and IL-11 in the cell culture supernatant were detected using IL-8 and IL-11 ELISA kits (R&D Systems, Minneapolis, MN) in accordance with the manufacturer's instructions. Briefly, 50 L (IL-8) or 100 L (IL-11) supernatant was loaded onto each well pre-coated with IL-8 or IL-11 antibodies. After 2-hour incubation at RT, the wells were washed extensively with wash buffer, and then 100 L (IL-8) or 200 L (IL-11) conjugate was added to each well. After another 1-hour (IL-8) or 2.5-hour (IL-11) incubation at RT, the wells were washed again. Substrate solution (200 L) was put into each well and incubated for 30 minutes at RT, and then 50 L stop solution was added to each well. The optical density of each well was determined using a microplate reader with a setting of 450 nm and a correction setting of 540 nm.
Apoptosis and Cytotoxicity Assay
Apoptosis was measured with an assay kit (Vybrant Apoptosis Assay; Invitrogen). HTM cells were transfected with 204M or ConM (120 pmol per 5 ϫ 10 5 cells) and seeded in a 96-well plate (7 ϫ 10 3 cells/well). Twenty-four hours after transfection, the cell culture medium was changed; 48 hours later, the cells were treated with H 2 O 2 0, 0.6, or 1.2 mM for 4 hours or with tunicamycin 1 g/mL overnight. The cells were then incubated in 1 L/mL iodide for 30 minutes at 37°C, 5% CO 2 . Fluorescence was measured using an excitation wavelength of 485 nm and an emission wavelength of 530 nm. Cytotoxicity was determined by lactate dehydrogenase (LDH) release into cell culture supernatant using a nonradioactive cytotoxicity assay kit (CytoTox 96; Promega) in accordance with the manufacturer's instructions.
Detection of Oxidized Proteins
Accumulation of carbonylated proteins was determined using a protein oxidation detection kit (Oxyblot; Chemicon International, Temecula, CA) according to a slightly modified protocol. Briefly, cells were washed twice in cold PBS. Total protein was extracted using RIPA buffer containing 1ϫ protease inhibitor cocktail and 1.5% ␤-mercaptoethanol (␤-ME). Total protein extracts (5 L) were mixed with 5 L of 12% SDS and 10 L of 1ϫ DNPH (10 L 1ϫ derivatization control solution) to each Eppendof tube and were incubated at RT for 15 minutes. Neutralization solution (7.5 L) was then added to the mixture. The proteins were separated by 10% SDS-PAGE and transferred to a PVDF membrane. Membranes were blocked with 5% nonfat dry milk and incubated for 1 hour with primary antibody. After washing, the membrane was incubated in secondary antibody for an additional 1 hour at RT. Immunoreactive proteins were visualized using chemiluminescence substrate. ␤-Tubulin antibody staining was used as an endogenous control.
Detection of ER Stress Markers by Real-Time Q-PCR
HTM1073/p10 and HTM682/p8 were transfected with 204M or ConM. Two days after transfection, the cells were incubated with 1 g/mL tunicamycin (Sigma) or vehicle control in serum-free DMEM overnight. Total RNAs were then isolated, first-strand cDNA was synthesized, and Q-PCR was performed following the procedure mentioned. These specific primer pairs were used for Q-PCR: GRP94-forward, 5Ј-GTT TCT ATT CCG CCT TCC TTG; reverse, 5Ј-GAG TGT TTC CTC TTG GGT CAG; GRP78/BIP-forward, 5Ј-TGA TTC CAA GGA ACA CAG T; reverse, 5Ј-GTC AGA TCA AAT GTA CCC A; CHOP/DDIT3-forward, 5Ј-TTC TCT GGC TTG GCT GAC T; reverse, 5Ј-CTG GTT CTC CCT TGG TCT TC. 
Statistical Analysis
The data were presented as mean Ϯ SD. Statistical significance between groups was assessed by the Mann-Whitney U test. P Ͻ 0.05 was considered statistically significant.
RESULTS
Changes in Gene Expression Induced by miR-204 in HTM Cells
To identify the genes regulated by miR-204, HTM cells were transfected with either 204M or ConM. Three days after transfection, RNAs were extracted and hybridized to gene arrays (Human Genome U133 2.0; Affymetrix). Forty-eight probe sets corresponding to 34 genes showed a significant downregulation higher than 1.5-fold (Table 3) . Among these 34 genes, 28 showed consistently significant downregulation in two additional HTM cell lines by real-time Q-PCR. BcL2 was not affected by miR-204 in either of the cell lines ( Table 4) . As shown in Table 3 , 23 downregulated genes were predicted targets of miR-204 in at least one of the following databases: Microcosm, TargetScan, and PicTar-Vert. Only one of these genes, TGF␤R2, has been previously experimentally validated as an miR-204 target.
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Validation of Novel miR-204 Targets
Twelve genes (AP1S2, Bcl2l2, BIRC2, EDEM1, EZR, FZD1, M6PR, RAB22A, RAB40B, SERP1, TCF12, and TCF4) with predicted target sequences for miR-204 that showed consistent and significant downregulation measured by gene array and real-time Q-PCR analysis in HTM cells were selected to verify the interaction of their predicted target sites with miR-204. Partial 3ЈUTRs containing the predicted target sites for miR-204 of these genes were cloned into a psiCheck2 dual-luciferase reporter vector using the specific primer pairs listed in Table 2 .
The vectors containing the 3ЈUTRs of these genes were cotransfected with 204M to HEK 293 cells. The results showed significantly lower expression of Renilla compared with the cells transfected with the same reporter vectors and ConM for all the selected genes. The effects of miR-204 on Renilla expression were eliminated when the 3ЈUTRs of these genes were cloned in reverse orientation (Fig. 1) . The ability of miR-204 to downregulate the expression of the proteins encoded by five of these genes (Bcl2l2, BIRC2, SERP1, M6PR, and EZR) in HTM cells was confirmed by Western blot analysis (Fig. 2) .
Overexpression of miR-204 Increased Susceptibility to Cell Death and Apoptosis in Response to Oxidative Stress
To evaluate whether the observed changes in gene expression induced by miR-204 could result in increased susceptibility to apoptosis, HTM cells were transfected with 204M or ConM and treated with either H 2 O 2 for 4 hours or tunicamycin 1 g/mL overnight. As shown in Figure 3A , miR-204 significantly increased both apoptosis and cytotoxicity in HTM cells in the presence and absence of H 2 O 2 treatment. MiR-204 induced a similar increase in apoptosis in HTM cells treated with tunicamycin. However, the increase in cytotoxicity observed after tunicamycin treatment was not statistically significant (Fig. 3B ).
MiR-204 Increased the Accumulation of Carbonylated Proteins after Chronic Oxidative Stress
To test whether miR-204 could affect the accumulation of carbonylated proteins that result from chronic exposure to oxidative stress, HTM cells were transfected with 204M or ConM and treated with 250 M H 2 O 2 daily for 3 days. Transfection with miR-204 mimic resulted in a statistically significant increase in the accumulation of carbonylated proteins in cells not treated with H 2 O 2 . MiR-204 also led to an increase in the presence of oxidized protein induced by chronic H 2 O 2 treatment, but this increase was not statistically significant with n ϭ 3 (Fig. 4) . 
MiR-204 Inhibited the Induction of ER Stress Markers by Tunicamycin
To evaluate whether miR-204 could affect the cellular responses induced by the presence of unfolded proteins, ER stress markers (GRP94, GRP78/BIP, and CHOP/DDIT) were measured by real-time Q-PCR after tunicamycin treatment in two HTM cell lines. As shown in Figure 5A , miR-204 significantly decreased the expression of GRP78/BIP in both HTM cell lines and increased CHOP/DDIT3 in one HTM cell line even without tunicamycin treatment. After tunicamycin treatment, miR-204 significantly inhibited the induction of all three ER stress markers (GRP94, GRP78/BIP, and CHOP/DDIT) in both cell lines tested (Fig. 5B ).
Attenuation of Inflammatory Factors by miR-204
Affymetrix gene array data showed Ͼ1.5-fold significantly decreased expression of several inflammatory factors (IL-11, IL-
1␤, IL-1RAP, IL-8, SERPINE1
, and CXCL3) by miR-204 (Table  3) . Although the basal levels of expression of these inflammatory markers were different in the two cell lines analyzed, the inhibitory effects of miR-204 were highly consistent for both cell lines. Furthermore, the downregulation of IL-11, IL-1␤, IL-8, and CXCL3 by miR-204 was confirmed by real-time Q-PCR in two additional HTM cell lines (Table 4 ). In addition, protein levels of IL-8 and IL-11 in the cell culture were also clearly reduced by miR-204 in two HTM cell lines (Fig. 6 ).
DISCUSSION
Our results showed that miR-204 induced extensive changes in gene expression in HTM cells, including the downregulation of the validated target TGF␤R2. 7 Array data showed significant downregulation of a large number of genes with target sequences for miR-204 predicted by at least 1 of the 3 databases Table 2 and cloned into psiCheck2 dual-luciferase reporter vector and cotransfected with either 204M or ConM into HEK 293 cells. Negative control vectors (3ЈUTR-rev) were generated by cloning the same 3ЈUTRs of the genes in reverse orientation. The luciferase activities of Renilla/firefly were analyzed 24 hours after transfection. The data represent the percentage of changes in the ratio of Renilla/firefly activities compared with the controls Ϯ SD (n ϭ 3; *P Ͻ 0.05 compared with the 3ЈUTR by Mann-Whitney U test). cade. 15, 16 cIAP1/BIRC2 belongs to the family of antiapoptotic regulators known as inhibitors of apoptosis (IAP) proteins. Expression of cIAP1/BIRC2 is induced in conditions of ER stress through the phosphatidylinositol 3-kinase (PI3K)-Akt signaling pathway and contributes to cellular adaptation to stress by inhibiting the ER stress-induced apoptotic program that is activated after prolonged ER stress. [17] [18] [19] [20] [21] Cell cycle-dependent expression of cIAP2 at G2/M phase has also been shown to contribute to cell survival during mitotic arrest. 22 Targeting of these antiapoptotic genes, together with the increased apoptosis and cell death induced by miR-204 in HTM cells after both oxidative stress and ER stress induced by tunicamycin, supports the concept that miR-204 might contribute to the regulation of cell survival under stress conditions. Targeting of Bcl2l2/Bcl-w and cIAP1/BIRC2 might also contribute to the proposed tumor suppressor effects of this miRNA 23 because the overexpression of these two proteins observed in a diversity of cancer cells is believed to contribute to cell survival and cancer progression. 24 -27 In addition to cIAP1/BIRC2, our results showed direct targeting of two genes, SERP1/RAMP4 and M6PR, which are also relevant in the cellular response to the accumulation of damaged proteins and ER stress. SERP1/RAMP4 is a component of the ER translocation sites that have been shown to stabilize and suppress the aggregation of membrane proteins during ER stress and to facilitate subsequent glycosylation when the stress is removed. 28 Animals lacking RAMP4 showed induction of the unfolded protein response in tissues with high secretory activity, 29 suggesting that, at high levels of secretion, RAMP4 becomes critical for efficient folding of newly synthesized proteins. M6PR plays a key role in the transport of most of the soluble acid hydrolases from the Golgi complex to the endosomal/lysosomal system, 30 -32 which is known to contribute to the elimination of misfolded proteins and to prevent the accumulation of intracellular protein aggregates. 33, 34 Consistent with the inhibition of proteins involved in preventing the accumulation of misfolded proteins, miR-204 led to an increase in the presence of carbonylated proteins. However, cells transfected with miR-204 mimic also showed decreased induction of ER stress markers when challenged with tunicamycin. This observation suggests that miR-204 might have a general inhibitor effect on the induction of the UPR in conditions of ER stress that is likely to involve additional target genes yet to be identified.
Together with the observed effects on apoptosis and the accumulation of damaged proteins, miR-204 showed a significant inhibitory effect on the expression of several inflammatory mediators. Consistent with previous observations, 6 the basal levels of expression of inflammatory markers were different in the two cell lines analyzed. These differences may reflect a strong level of individual variation in the human population or may result from differences in the presence of senescent cells in the culture given that chronic induction of inflammatory markers has been reported to be associated with the acquisition of a senescent phenotype in HTM cells. 35 Although it is unclear what specific gene targets might mediate this effect, the observed inhibition of the UPR could potentially contribute to such a decrease in expression of inflammatory mediators since the activation of the UPR has been identified as one of the pathways leading to the inflammatory response. 36, 37 Specifically, targeting of cIAP1/BIRC2 could contribute to the downregulation of inflammatory mediators because this protein has been shown to play a role in the initiation of innate immunity signaling. 38 In conclusion, the changes in gene expression induced by miR-204 in HTM cells suggest the involvement of this miRNA in the regulation of multiple cellular functions. Specifically, miR-204 appears to play an important role in the regulation of responses to ER stress, apoptosis, and production of inflammatory mediators. Identification of additional target genes will be necessary to fully understand the biological functions of miR-204. 204M reduced the production of IL-8 and IL-11. HTM1073/p4 or HTM682/p3 was transfected with ConM or 204M (120 pmol/5 ϫ 10 5 cells). Twenty-four hours after transfection, the cell culture medium was replaced with fresh DMEM containing 10% FBS. Three days after transfection, the cell culture supernatant was collected, and the levels of IL-8 and IL-11 were measured using ELISA kits in accordance with the manufacturer's instructions. Data represent picogram per milliliter Ϯ SD in three transfected samples. *P Ͻ 0.05 compared with ConM-transfected cells by Mann-Whitney U test.
